Diverse mechanisms contribute to the evolution of reproductive barriers, a process that is critical in speciation. Amongst these are alterations in gene products and in gene dosage that affect development and reproductive success in hybrid offspring. Because of its strict parent-of-origin dependence, genomic imprinting is thought to contribute to the aberrant phenotypes observed in interspecies hybrids in mammals and flowering plants, when the abnormalities depend on the directionality of the cross. In different groups of mammals, hybrid incompatibility has indeed been linked to loss of imprinting. Aberrant expression levels have been reported as well, including imprinted genes involved in development and growth. Recent studies in humans emphasize that genetic diversity within a species can readily perturb imprinted gene expression and phenotype as well. Despite novel insights into the underlying mechanisms, the full extent of imprinted gene perturbation still remains to be determined in the different hybrid systems. Here we review imprinted gene expression in intra-and interspecies hybrids and examine the evolutionary scenarios under which imprinting could contribute to hybrid incompatibilities. We discuss effects on development and reproduction and possible evolutionary implications.
In many plants and animals, interspecific hybridization events yield offspring that are phenotypically different from either of the parent species. Such hybrids typically display developmental abnormalities and, in animals, often have reduced fertility or complete sterility, particularly in males. Hybrid incompatibilities arise because, although the parental species may be genetically similar, the genomes are still too divergent to sustain normal development, physiology and reproduction when mixed in the hybrid offspring (Wu and Ting, 2004) . Extensive research has been performed on genetic incompatibilities in plant and animal hybrids (Ishikawa and Kinoshita, 2009; Johnson, 2010) . Key loci have been mapped and characterized in experimental model species, providing important insights into the aberrant phenotypes such as male hybrid sterility (Maheshwari and Barbash, 2011) .
Phenotypic abnormalities in interspecies hybrids often differ greatly between the reciprocal crosses. The classic example of such an asymmetry is seen in reciprocal crosses between donkeys and horses, where both directions of the cross produce sterile offspring, but the gross phenotype of the progeny (that is, 'mule' versus 'hinny') depends on the direction of the cross. Horses and donkeys have a different chromosome number, but this cannot explain the differential hybrid phenotypes that depend on the direction of the cross (as the reciprocal crosses have the same autosomal karyotype). More than 50 years ago serum concentrations of a placental hormone were reported to be markedly higher in mule than in hinny conceptuses, suggestive of parental genome-specific gene expression (Allen, 1969) .
The North-American genus Peromyscus ('deer mice') has been studied extensively to explore hybrid incompatibilities in mammals (see Table 1 for a list of species and terms). Pronounced cross-direction-dependent phenotypes were reported in hybrids between the closely-related allopatric species P. maniculatis and P. polionotus (Vrana et al., 1998) . Also in interspecies hybrids in Mus (house mouse), between the sympatric species M. musculus and M. spretus, morphological differences are apparent between reciprocal hybrids . These hybrid effects were observed in crosses between a mixed M. musculus domesticus strain and lab stocks of M. spretus. To be definitive about where the incompatibilities lie between M. musculus and M. spretus (or M. m. castaneus, see below), reciprocal crosses between several different wild-derived stocks (or wild caught animals) of M. musculus and M. spretus populations would be needed.
Besides other candidate mechanisms-such as the maternal inheritance of mitochondrial DNA and its interactions with the nuclear genome, or possible maternal effects (Turelli and Moyle, 2007; Johnson, 2010) -the epigenetic phenomenon of genomic imprinting is thought to be one of the contributors to the phenotypic differences between reciprocal hybrids. Genomic imprinting evolved convergently in flowering plants and mammals (Feil and Berger, 2007) and mediates mono-allelic expression at selected genes, in a parent-oforigin-dependent manner. Imprinted genes contribute to diverse processes in development and growth, including that of nourishing the extra-embryonic tissues (placenta in mammals/endosperm in plants). In mammals, imprinted genes also have important roles in brain development and function (Wilkinson et al., 2007) .
In interspecies hybrids, differences between the parental species in the genetic control and patterns of imprinting may have different effects dependent on the orientation of the cross, including epigenetic perturbation of imprinting control leading to 'loss of imprinting' (biallelic expression). Studies in mammals have provided clear evidence for perturbed imprinting in inter-and intraspecies hybrids (reviewed below). However, as many imprinted genes have been discovered in these same interspecies hybrids, and polymorphisms are necessary to identify allele-specific expression differences, it is possible that hybridization itself could induce imprinting depending on the location of the polymorphism(s) between strains, for instance in cis-acting elements.
Crosses between different Arabidopsis species have provided evidence that perturbed imprinted gene expression occurs also in plant hybrids (Josefsson et al., 2006; Jullien and Berger, 2010) . Particularly, the imprinted expression of MEDEA (MEA) and PHERES (PHE) in endosperm is perturbed in hybrids between A. thaliana and A. arenosa and this could contribute to the endosperm overgrowth seen in these hybrids (Josefsson et al., 2006) . As ploidy was often altered in these existing studies, the results have been somewhat difficult to interpret considering the mechanisms involved (Walia et al., 2009; Jullien and Berger, 2010) .
Here we focus on the animal systems, which have provided most insights into imprinting in hybrids. We also discuss the extent to which intraspecies polymorphisms may perturb imprinted gene expression and hence phenotype.
IMPRINTED GENE EXPRESSION IN MAMMALIAN INTERSPECIES HYBRIDS
The best-studied mammalian hybrids are in rodents, particularly those generated by crossing P. maniculatis and P. polionotus. These deer mouse species are similar in size and evolutionarily separated by B100 000 years. Whereas P. maniculatis ('M') is polygamous, P. polionotus ('P') is thought to be largely monogamous (Foltz, 1981) . This difference in mating system could potentially be relevant with regards to the evolution of genomic imprinting because it should lead to different patterns of intrafamilial conflict. The most widely accepted theory for the evolution of imprinting-the 'conflict hypothesis' (Moore and Haig, 1991 )-assumes that competition over maternally provided resources between offspring fathered by different males can favour imprinted expression (Haig, 2013 ; see also Burt and Trivers, 2008) . Hence, difference in mating system could alter patterns of relatedness and change patterns of conflict within families.
Although both deer mouse species show allelic expression at the imprinted genes analysed, the reciprocal crosses yield phenotypically different offspring (Rogers and Dawson, 1970) . A female P. maniculatis crossed with a P. polionotus male produces offspring that are smaller than either of the parents. Remarkably, the reciprocal cross produces conceptuses that are oversized, with placentomegaly, and often die before birth (Loschiavo et al., 2007; Duselis and Vrana, 2010) . In the latter, (P Â M)F 1 hybrids, the overgrowth phenotype is linked to loss of imprinting at Peg3, Mest (Peg1), Snrpn, H19 and Grb10 (Vrana et al., 1998 (Vrana et al., , 2000 . Genetic studies showed that placental overgrowth correlates with loss of imprinting at Peg3 (Loschiavo et al., 2007; Vrana et al., 2000) , specifically loss of (maternal) DNA methylation at the imprinting control region (ICR) of this locus (Wiley et al., 2008) . Loss of methylation was also observed at the imprinted H19 locus (Vrana et al., 1998) and at the ICR controlling the growth-related Kcnq1 domain. The latter correlated with aberrant, biallelic expression of the Kcnq1ot1 long noncoding RNA that mediates allelic repression along this imprinted domain, particularly in the placenta. The X chromosome is also genetically linked to the overgrowth phenotype (Vrana et al., 2000; Duselis et al., 2005) . In female (P Â M)F 1 embryos, X chromosome inactivation was not random but was heavily skewed towards the paternal X (Vrana et al., 2000) . This pronounced deviation from random X inactivation likely contributes to the phenotype in females, and could be due to polymorphisms at the Xce locus, which influences the choice of the X chromosome to be inactivated (Cattanach and Williams, 1972) . In the reciprocal, phenotypically almost normal (M Â P)F 1 hybrids, only some imprinted genes displayed a varying degree of loss of imprinting (that is, Igf2r, Ascl2 and Grb10), in some tissues only (Vrana et al., 1998) .
To explore the genus Mus, hybrids between M. spretus (S) and M. musculus (MU) lines have been studied in most detail. Although some imprinted genes are affected in an asymmetric manner, the data so far suggest that loss of imprinting occurs similarly in the hybrids derived from the reciprocal crosses (Shi et al., , 2005 . It is unknown whether this is responsible for the less pronounced phenotypic difference between the reciprocal hybrids than in the Peromyscus crosses. (MU Â S)F 1 adults are smaller than the reciprocal, (S Â MU)F 1 , hybrids. However, both are larger than the parental species and show placental overgrowth . The increased body weight and large internal organs are associated with loss of imprinting at Peg1(Mest) in the (S Â MU)F 1 hybrids, and less so in the (MU Â S)F 1 hybrids, and the extent differs between individual animals . The Mit1(Lb9)-and Copg2-imprinted genes located close to Peg1 on chromosome 6, and the Nnat, Slc22a18 and Peg3 genes also showed evidence for loss of imprinting, again mostly in the (MU Â S)F 1 hybrids (Shi et al., 2005) . A tissue-specific effect occurred at the imprinted gene Sgce, with complete loss of imprinting in kidney and skeletal muscle in the (S Â MU)F 1 hybrids. The brain-specific imprinted gene Rasgrf1, in contrast, showed tissue-specific loss of imprinting in the (MU Â S)F 1 hybrids.
It is unclear to what extent the loss of imprinting in interspecies Mus hybrids correlates with epigenetic changes at the corresponding ICRs. Similarly as in the Peromyscus hybrids, however, there is loss of DNA methylation at the Peg3 differentially methylated region in (MU Â S)F 1 but not in (S Â MU)F 1 hybrids (Shi et al., 2005) . Earlier studies analysed allelic DNA methylation at different ICRs in (MU Â S)F 1 embryos, but did not provide evidence for extensive methylation losses (Paulsen et al., 1998) . Global methylation levels are normal in the hybrid placentae, with no evidence for loss of methylation at repeat elements (Schutt et al., 2003) . Similar data were obtained in hybrids between antelope species (Robinson et al., 2000) . This contrasts with marsupials, in which placentae in interspecies hybrids were reported to have a global loss of DNA methylation and aberrant activation of retro-elements (O'Neill et al., 1998) .
A recent study on M. m. domesticus Â M. m. castaneus inter subspecies hybrids reported strain-dependent changes in imprinted expression at the Kcnq1 locus on chromosome 7 (Korostowski et al., 2012) . Detailed analysis in reciprocal inter sub-species hybrid hearts revealed an altered relative abundance of parental-specific transcripts depending on the direction of the cross. Essentially, expression from the CAST/EiJ (C) allele was higher than from the C57BL/6J (B) allele, which continued throughout heart development, but was not contingent on differential DNA methylation. The timing of a developmental switch from mono-to biallelic expression was delayed in (C Â B)F 1 hybrids compared with (B Â C)F 1 hybrids. The strain-specific genetic factor involved (such as a cis-regulatory polymorphism, for example, affecting transcription factor binding) must be located on chromosome 7 because these studies used a strain of mice with a single CAST/Ei chromosome 7 on an otherwise C57Bl/6J background.
Although imprinting is perturbed in Mus and Peromyscus hybrids, a recent study provides little evidence for such perturbation in the genus Equus. Of the genes imprinted in trophoblast, all are expressed from the same parental allele predominantly in both the hinny and mule. In contrast to the Mus and Peromyscus hybrids, the H19-and PEG3-imprinted loci showed no evidence for loss of DNA methylation . However, individuals varied in expression levels at imprinted genes. A newly discovered imprinted gene controlling chromatin, HAT1 (histone acetyltransferase-1), was more highly expressed in mule than in hinny trophoblast. It would be interesting to explore imprinted gene expression in mule and hinny embryos to complement these extensive studies on trophoblast.
GENETIC POLYMORPHISMS AND THE CONTROL OF MONO-ALLELIC GENE EXPRESSION IN HUMANS
Human populations show considerable genetic diversity, including variation in whether or not a specific gene is imprinted. For example, at the IGF2-receptor (IGF2R) gene, mono-allelic expression from the maternal allele occurs in a minority of individuals only (Monk et al., 2006; Yotova et al., 2008) . Unexpectedly, the maternal DNA methylation imprint at this locus was normally present in all individuals (Vu et al., 2006) . The regulatory long non-coding RNA produced from the unmethylated allele of the imprinting control region (ICR), however, was expressed in some individuals only. Lack of expression of this long non-coding RNA correlates with biallelic expression ('loss of imprinting') of IGF2R and of close-by placenta-specific genes (Monk et al., 2006) . The growth-related PEG1/MEST gene on human chromosome 7q32 is polymorphically imprinted (Huntriss et al., 2013) ; its isoform-2 in placenta and early embryos is highly variable between conceptuses and this correlates with differential DNA methylation levels at an exonic differentially methylated region (McMinn et al., 2006) .
Recent studies in humans have uncovered that SNPs may induce pronounced changes in locus-specific DNA methylation levels (Hellman and Chess, 2010) . Whether polymorphic loss of imprinting also results from genetic diversity remains unknown. However, singlenucleotide mutations were shown to prevent binding of pluripotency factors (OCT4 and SOX2) to the H19 ICR. Interestingly, these mutations induced aberrant acquisition of DNA methylation at this ICR and biallelic expression of the locus' IGF2 gene, resulting in an overgrowth upon maternal, but not upon paternal, transmission (Demars et al., 2010; Poole et al., 2012) . Mouse studies have shown that Igf2 overexpression induces fetal and postnatal overgrowth, and Peg1 overexpression leads to reduced growth and fat mass expansion. Biallelic Igf2r expression leads to reduced fetal growth as well. In experimental rat studies, levels of IGF2R expression were linked to an increased risk of liver tumours (Mills et al., 1998) , presenting another level at which selection pressure may arise. It should be interesting to explore more broadly whether specific human genes have a tendency to become imprinted, or, conversely, to lose their imprinted gene expression status in human populations.
DIFFERENCES BETWEEN THE PARENTAL GENOMES AFFECT IMPRINTED GENE EXPRESSION IN HYBRIDS
The developmental establishment and maintenance of imprinting involve complex interactions between cis-regulatory elements and trans-acting factors, some of which are themselves subject to imprinting (Kelsey and Feil, 2013; Wolf, 2013) . The transcription factor gene ZAC1 is imprinted in both mice and humans. This maternally repressed growth-related gene controls the expression of multiple other imprinted genes, including Igf2, H19, Cdkn1c and Dlk1. ZAC1 binds to regulatory sequences at these other loci, and its expression was proposed to be important in the control of an imprinted gene network (Varrault et al., 2006) . Further evidence for interdependence of imprinted gene expression comes from targeting studies on the H19 gene (Gabory et al., 2009) and from data indicating that the imprinted IGF2-H19 locus physically interacts with several other imprinted loci in the nucleus (Murrell et al., 2004; Zhao et al., 2006) . Genetic studies on Peg3 using congenic lines formally showed that its frequently observed loss of imprinting in (MU Â S)F 1 hybrids is due to a yet unknown spretus-specific trans-acting factor (Shi et al., 2005) .
The Polycomb group gene Sfmbt2 is expressed only from the paternal allele in early embryos and extra-embryonic tissues (Lehnert et al., 2011; Wang et al., 2011) . The precise function of this polycomb group protein in gene regulation and whether it affects other imprinted genes remains to be explored.
Several of the trans-acting factors that control imprinting maintenance are organized in multi-protein complexes (Kacem and Feil, 2009; Kelsey and Feil, 2013) . The composition and/or efficiency of such complexes may be compromised in hybrids due to polymorphisms, which could, for instance, interfere with stabilizing proteinprotein interactions. Imprinted regulatory ncRNAs may also contribute to trans-regulation between the parental chromosomes. For example, the maternally inherited copy of the imprinted Dlk1-Dio3 domain on mouse chromosome 12 expresses two imprinted microRNAs (miRNA) (mir127 and mir136) that are antisense to a paternally expressed developmental gene called Rtl1. The imprinted miRNAs induce RISC-mediated cleavage of Rtl1 mRNA, and thereby affect gene expression on the opposite parental chromosome (Davis et al., 2005) . During recent years it has become apparent that hundreds of small regulatory RNAs are imprinted. As small RNAs and their targets are often specific to individual species (Ha et al., 2008; Ng et al., 2012) , for imprinted clusters of miRNAs this could induce aberrant effects on target gene expression in interspecies hybrids. Significantly, several of the clusters of imprinted miRNAs discovered in mammals are present in specific species only (NoguerDance et al., 2010; Girardot et al., 2012) , indicating that their imprinting status and regulatory function(s) have arisen recently during evolution.
The somatic maintenance of methylation imprints in the early embryo involves non-histone proteins that are in part maternally provided through the oocyte (Kelsey and Feil, 2013) . Amongst these is ZFP57, a KRAB-domain zinc-finger protein, that binds preferentially to methylated DNA at a hexanucleotide sequence motif. Many ICRs comprise this sequence motif. Loss of ZFP57 expression leads to loss of the DNA methylation imprints at multiple ICRs (Quenneville et al., 2011) . Concordantly, genetic mutations at ZFP57 in humans are causally involved in imprinting disorders and are linked to reduced DNA methylation at specific ICRs (Mackay et al., 2008) . Other maternal factors, including DPPA3 (also called PGC7, Stella), also contribute to the methylation maintenance at ICRs in the zygote and early embryo, on both the maternally and paternally inherited copies of the genome (Nakamura et al., 2007) . In interspecies hybrids, incompatibilities between maternal factors and target sequences on the paternal genome might affect genomic imprinting during the early stages of development. Intriguingly, in the Peromyscus hybrids, perturbation of imprinting was most pronounced in the extraembryonic lineages. Possibly, the maintenance of differential DNA methylation is less stable in these lineages and could therefore be more susceptible to incompatibilities between the parental genomes.
Genetic polymorphisms in promoters and enhancers could have pronounced effects on the measured allele specificity of expression at imprinted genes in hybrids. Different alleles at a given imprinted gene may show different expression levels from the repressed allele, which will influence the perceived allele specificity of expression in the reciprocal hybrids. Indeed, many imprinted genes show markedly different expression levels in reciprocal hybrids. In female rodents, the trophectoderm shows imprinted X inactivation, with gene expression occurring on the maternally inherited X chromosome, but not the paternally inherited X chromosome (Takagi and Sasaki, 1975) . In female rodent hybrids, consequently, placental development could be affected by polymorphisms at X-linked genes. One candidate is the imprinted Esx1 gene, at which loss of expression leads to placental overgrowth (Salas et al., 2004) . The placental dysplasia in M. musculus Â M. spretus hybrids is indeed genetically linked to the X chromosome, to a region comprising Esx1 Zechner et al., 2004) . Also in Peromyscus, placental overgrowth in hybrids is linked to the X chromosome (Vrana et al., 2000) and is associated with abnormal levels of Esx1 expression (Duselis and Vrana, 2010) . Whether the differential Esx1 expression between reciprocal hybrids is caused by genetic polymorphisms at the locus itself is not known. Data from the placenta-specific PHLDA2 gene in humans, however, indicate that genetic polymorphisms may affect phenotype (Ishida et al., 2012) . In European birth cohorts, a 15-base-pair repeat sequence variant at the promoter is linked to reduced PHLDA2 expression on maternal transmission, resulting in increased birth weight. Given the importance of dosage in imprinted gene expression, particularly in mammals, intra-and interspecific hybrids are expected to display phenotypic effects. As several imprinted genes appear to be part of an expression network, perturbed expression levels at one gene may also induce altered expression at other imprinted loci.
The imprinting status of a gene is not a fixed property, and hence, as the imprinting status of genes evolves there are genes that will be imprinted in some species, but not in other closely related species. In plants, systematic studies show little overlap of imprinted gene expression between different species (Berger et al., 2012) . In mammals, there is evidence for recent acquisition of imprinting in the primate and rodent lineages. One example is Sfbmt2, a gene that became imprinted in the genus Mus (but not in Peromyscus) owing to an evolutionarily recent insertion of a miRNA cluster (Lehnert et al., 2011) . Several clusters of imprinted small regulatory RNA have been detected in specific groups of mammals only, pinpointing their recent appearance during evolution (Girardot et al., 2012) . Among the group of imprinted genes derived by retrotransposition from the X chromosome, Mcts2 retrotransposed and became imprinted around the supra-primate clade (Wood et al., 2008) and more recently still, U2af1-rs1 (or Zrsr1) was formed from the most recent retrotransposition event among the known imprinted retrogenes. It is present and imprinted in mouse and rat but absent in kangaroo rat (Dipodomys ordii), guinea pig (Cavia porcellus) and humans (McCole et al., 2011) . One might expect the recently evolved imprinted genes to be particularly prone to perturbation in reciprocal hybrids.
GENOMIC IMPRINTING, AN INTERSPECIES BARRIER?
Although the overall importance of perturbed imprinting as a barrier to hybridization remains unclear, there are several intriguing results. Several of the genes at which loss of imprinting was detected (Slc22a18, Igf2r, Peg1/Mest, Peg3, Cd81, H19, Kcnq1ot1) in Mus and Peromyscus interspecies hybrids are important in placental and embryonic development, and in these mouse hybrids, placental development is particularly affected (Vrana et al., 2000) . Other perturbed imprinted genes are important in brain development and function (Ndn, Snrpn, Nnat, Rasgrf1, Copg2), and this could be relevant to the hybrid phenotype as well. As mammalian imprinted genes are organized in clusters, each controlled by a differentially methylated region, it is interesting that both in Mus and Peromyscus hybrids, abnormal DNA methylation was detected at some germline differentially methylated regions, in some of the analysed tissues. However, in other genera, perturbation of imprinting in interspecies hybrids could be much less pronounced than in rodents, as suggested by the recent research on mule and hinny conceptuses .
In hybrids between M. musculus and M. spretus, the biallelic expression of the Rasgrf1 and Peg1 imprinted genes is associated with higher expression levels (Shi et al., 2005) . Also in Peromyscus hybrids, expression levels are abnormally high at the growth-related Igf2, Grb10, Cdkn1c and Phlda2 genes (Duselis and Vrana, 2007) . In humans, perturbed expression of IGF2 is involved in the fetal growth syndromes such as Beckwith-Wiedemann syndrome and SilverRussell syndrome (Hirasawa and Feil, 2010) , and reduced expression of PHLDA2 is associated with increased birth weight (Ishida et al., 2012) . This interesting parallel suggests that the loci that are susceptible to loss of imprinting are also those that are most readily perturbed because of genetic differences between the parental genomes in interspecific hybrids (Shi et al., 2005) . Another parallel with imprinting-related disorders in humans is the apparent embryonic occurrence of the loss of imprinting in the interspecies animal hybrids.
Loss of imprinting in hybrids might imply that cis-regulatory regions are not conserved between species and undergo rapid evolution, but recent studies in mammals indicate that this is generally not the case. CpG islands at imprinted loci do not generally show a lower level of conservation compared with autosomal CpG islands. At the maternally methylated ICRs, there is even a tendency to strongly maintain CpG density. At paternal ICRs, in contrast, CpG density is lost during evolution, which indicates that these ICR regions evolve more quickly than the maternal ICRs (Schulz et al., 2010) .
The above reviewed studies evoke different hypothetical scenarios through which imprinted gene expression may become perturbed in hybrid offspring. Even without alteration of the imprinting status, there may in some cases be marked differences in gene expression levels between the reciprocal hybrids (Figure 1) . In cases where transacting factors are perturbed, some of which may be subject to imprinting themselves, different scenarios predict that this affects imprinted gene expression in hybrid offspring (Figure 2) . Although empirical studies presented in this review demonstrated or strongly suggested the involvement of imprinted genes in hybrid incompatibilities, their role(s) in population differentiation and speciation has not received much attention from a theoretical perspective. Below, we present several evolutionary considerations that may be relevant in the context of this question.
EVOLUTIONARY CONSIDERATIONS
Models of hybrid incompatibility have mostly been built on the framework of the Dobzhansky-Muller (D-M) model (Dobzhansky 1937; Muller 1942) , which explains how lineages could evolve incompatibilities without any lineage having to pass through the low-fitness state observed in hybrids (Turelli and Orr, 2000) . The D-M model posits that evolution must have proceeded through a series of changes that were either beneficial in one or more lineages (adaptive divergence) or were at least not deleterious (neutral divergence). The D-M model typically assumes that differentiation requires more than one locus because a one-locus system cannot move between high-fitness states (fixation for different alleles) that are separated by a low-fitness intermediate without evolving through that low-fitness state. For example, under-dominance can produce an incompatibility, but divergence from fixation of one allele (for example, A 1 ) to an alternative allele (for example, A 2 ) requires a population to pass through the low-fitness heterozygote state (A 1 A 2 ). The D-M model's solution to this problem is that incompatibilities evolve in a multi-locus system with epistasis (Johnson, 2000) . The logic of the model should extend to imprinted genes, but the presence of imprinting offers other scenarios for the evolution of incompatibilities that are not captured in the classic D-M model. We explore a few simple scenarios to understand how imprinting could potentially lead to the evolution of hybrid incompatibilities.
A diversity of studies generally support the tenet of the D-M model that epistasis is involved in hybrid incompatibilities (Johnson, 2000) . However, although the simple D-M model appears to explain the presence and types of incompatibilities, it does not directly explain asymmetries that are commonly observed in reciprocal crosses, where the outcome depends on the direction of the cross (that is, on the sex of the parent from each species) (Turelli and Moyle, 2007) . Directiondependent patterns require either asymmetrical inheritance (sex chromosomes or cytoplasmic factors) or the presence of an epigenetic asymmetry such as genomic imprinting or a maternal effect. Turelli and Moyle (2007) provide a very general analysis of the evolution of asymmetrical D-M isolation in the presence of asymmetrical inheritance and, although they do not examine imprinting per se, they suggest that the parent-of-origin effects associated with imprinting could provide the necessary inheritance asymmetry to produce asymmetrical incompatibilities. Here we build on their conclusions by explicitly examining some scenarios to understand how imprinted genes can evolve incompatibilities through a D-M-like process (that is, with few genetic steps needed to cause incompatibilities without passing through a fitness valley).
Cis-regulated imprinting
Consider a locus that evolves imprinting through a cis process (that is, that a locus determines its own imprinting status). Assume that two populations start with a non-imprinted allele (A 1 ) and one population evolves to fix an allele, A 2 , that is imprinted and expressed from the paternal copy only. This scenario would lead to an asymmetry in the reciprocal hybrids, as the alleles would be epigenetically different depending on the direction of the cross. Hybrids that inherit the A 2 allele from their mothers (A 1 A 2 ) would inherit a silenced copy of the allele, and therefore would show mono-allelic expression of the A 1 allele, whereas the hybrids inheriting the A 2 allele from their fathers (A 2 A 1 ) would show biallelic expression (as the A 2 allele would not have been silenced by their father, and the A 1 allele is not imprinted regardless of its parent-of-origin). Although we can imagine that the two reciprocal hybrid genotypes could have different phenotypes (as neither expression pattern in hybrids appears in the parentals), neither of the hybrid genotypes can presumably be deleterious, as both configurations would have to have appeared in the ancestral population along the evolutionary path from fixation of A 1 to A 2 . Therefore, a cis-regulated imprinted locus is unlikely to contribute to population incompatibility through such a one-step process, implying that there would need to be a second evolutionary step to produce an incompatibility through this mechanism.
For imprinted genes, there is a general expectation that additional evolutionary steps will occur after the establishment of imprinted expression, potentially leading to D-M incompatibilities. These additional changes are expected because, when a locus evolves to become imprinted, the change in expression sets the stage for selection to favour alleles that are adapted to being imprinted (either because of the presence of mono-allelic expression or because selection now operates on only one parent-of-origin configuration) (Haig, 2002) . Thus, the outcome is that the alleles present at imprinted loci have co-evolved with their imprinting status.
To understand how the evolutionary origin of imprinting at a locus drives further evolution at the locus, we can consider how the presence of imprinting may favour alleles with different expression levels. Such a case may occur when selection favours overexpression of the gene to compensate for the lack of biallelic expression or when the presence of imprinting removes counteracting selection associated with parental conflict (that is, evolution proceeds by the 'loudest voice prevails' principle predicted by the parental conflict hypothesis; see Haig, 1997) . If a population fixes the imprinted allele (A 2 ), selection may then favour some new allele (A 3 ) that shows higher expression. Under this scenario, there would not only be an asymmetry in hybrids but also a dosage problem in the reciprocal hybrids. The A 1 A 3 would show mono-allelic expression of the A 1 allele, which is not deleterious in this scenario, but the A 3 A 1 would show biallelic expression, and hence would have very high expression levels because the A 3 allele is highly expressed. In a more complex scenario (where the A 1 allele was not present when imprinting originated), it is possible that monoallelic expression of the A 1 allele could be deleterious, and the two reciprocal heterozygotes could both have low fitness and show asymmetries. Thus, this process is similar to that envisioned by the D-M model in that a population could evolve incompatibility through a two-step process that did not require a low-fitness intermediate, but the two changes would have to occur at the same locus, rather than at two different loci.
A more extreme scenario could appear if a locus diverges to show opposing patterns of imprinting in two evolutionary lineages. For example, if one population fixes for a paternally expressed allele A p and the other population fixes for a maternally expressed allele A m , then one configuration of the cross (A m A p ) would lead to null expression, whereas the other configuration (A p A m ) would lead to diploid expression of a pair of alleles that evolved to be monoallelically expressed. Such a scenario could lead to extreme asymmetries in the outcome of reciprocal crosses, with completely different phenotypic consequences associated with null expression versus biallelic expression. Apart from some imprinted genes that show marked tissue-specific differences between species (Prickett and Oakey, 2012) , however, there is limited evidence that the same gene shows different patterns of imprinting in different species (other than the simple pattern of being imprinted in one species and not another).
Trans-effects in imprinting evolution
Although the single-locus scenarios (above) can result in reduced hybrid fitness and asymmetries, there is no simple single-step A trans-activator-imprinted gene encodes an activating factor (green spheres), which maintains allelic gene transcription at multiple imprinted target genes, on both the parental genomes. In embryos of hybrid genotype-shown here is the example of hybrid X Â Y genotype-the factor activates imprinted genes on its own parental (X) genome, but not on the opposite parental (Y) genome. This leads to an aberrant acquisition of repressive modifications and loss of expression at these imprinted genes. Imprinted trans-acting factors can not only be proteins but also non-coding RNAs.
evolutionary path from the fixation of one allele to another that would also lead to an incompatibility. However, we can imagine a scenario akin to the basic D-M in which changes happen at a pair of loci, but in this case we consider a target gene and a locus that regulates its imprinting status in trans. With trans-regulation, species may diverge for recognition sites or can diverge in the properties of trans-acting factors such that trans-acting factors are unable to imprint a gene in one lineage or maintain an imprint in the hybrid once established in the parental genotypes. The two sides may also diverge in tandem, such that species differ in recognition sites and regulatory machinery (for example, sequences of miRNAs or other trans-acting factors).
With trans-regulation there are two-step scenarios similar to the D-M model that could potentially lead to asymmetries in a cross as in the single-locus model. For example, consider a case where populations start out fixed for the two-locus genotype A 1 A 1 B 1 B 1 , where the A locus affects some fitness-related trait and the B locus is a trans-acting regulator of imprinting. We can imagine a diversity of scenarios in such a system depending on how the establishment and maintenance of imprinting works. For example, a new allele (A 2 ) may arise and fix in one population and subsequently, a new allele (B 2 ) may be favoured and fixed at the B locus because it leads to imprinting at the A locus (leading to one population fixed for A 1 A 1 B 1 B 1 and one fixed for A 2 A 2 B 2 B 2 ). In one direction of the cross (which direction depends on the pattern of imprinting), individuals would express both the A 1 and A 2 allele, which presumably is not deleterious because that genotype was present when the A 2 allele arose and fixed. However the other direction of the cross individuals would express only the A 1 allele. If mono-allelic expression of that allele is deleterious (perhaps because it shows a much lower expression level than A 2 ), then that cross direction could lead to an incompatibility. The pattern in the hybrids would follow that of the single-locus model where the imprinting status of an allele depends on its parent-of-origin in the cross, which is the ultimate origin of the asymmetry. However, the two-locus scenario allows for one direction to show reduced fitness because that configuration never appeared in the evolutionary history of the populations.
Finally, it is possible that imprinting contributes to hybrid incompatibilities through a trans-acting maternal effect on imprinting. Maternal effects, in which the influence of genes expressed in the mother (that is, the maternal effect) depends on the genotype of the offspring, can potentially be a major contributor to hybrid incompatibilities when the two evolve to be complementary (Wolf and Brodie, 1998) . Under such conditions, a mismatch between the maternal effect and offspring genotype can produce hybrid incompatibilities (Wolf, 2000) . Such a scenario can extend to imprinted genes (Wolf and Hager, 2006) . Some trans-acting factors like ZFP57 and DPPA3 appear to have their influence, at least to some degree, via a maternal effect, where the maternally loaded factors contribute to the maintenance or establishment of imprints in the early embryo (Nakamura et al., 2007; Li et al., 2008) . Because ZFP57 binds to methylated DNA at a hexanucleotide sequence motif, changes in that motif across lineages would lead to a mismatch between the maternally derived factor like ZFP57 and the target sequence motif, resulting in a scenario where imprinting cannot be established or maintained (though ZFP57 itself may be a poor candidate for such a process given that alleles appear to be functionally interchangeable between humans and mice, at least in cultured cells; Takikawa et al., 2013) . Consider a case as above where the B locus controls establishment of an imprint with maternal expression at the A locus, but in this case the B locus trans-effect is via a maternal effect (so it is the B locus genotype of the mother that matters in the establishment/maintenance of the imprint). If lineages are fixed for the A 1 A 1 B 1 B 1 and A 2 A 2 B 2 B 2 genotypes because of a co-evolutionary process wherein the motif present at the A locus has evolved in concert with the recognition sequence at the B locus, then the two could show an incompatibility where the conflicting pairs of alleles (A 1 with B 2 and A 2 with B 1 ) would fail to maintain the imprint. In this case, the A 1 A 2 B 1 B 2 hybrid would have a mother who is homozygous for the B 2 allele, and so the paternally inherited A 1 allele, which should be silenced, would not have its imprint maintained in the zygote and the hybrid would show biallelic expression. The reciprocal hybrid would follow this same scenario and lead to a loss of imprinting. In both cases, imprinting is lost because the paternally inherited allele is incompatible with the trans-acting maternal factor that is required to establish or maintain the imprint. This scenario does not necessarily lead to an asymmetry, but is a clear mechanism through which transregulation of imprinting could contribute to hybrid incompatibility. More simply, the reciprocal heterozygotes at the A locus (A 1 A 2 and A 2 A 1 ) will necessarily experience different maternal effects (B 2 B 2 versus B 1 B 1 , respectively, in this case) and so any genetically based epistatic interaction in which the influence of the parent-of-origin of alleles at the A locus (presumably caused by imprinting) depends on the maternal genotype at the B locus could potentially create an asymmetry in the reciprocal cross.
In conclusion, although it remains unclear whether hybrid incompatibilities match the expectations under any of these simple scenarios, it is likely that the evolution of incompatibilities involving imprinted genes requires a multi-step scenario. These multi-step scenarios share the feature that the system is 'fine tuned' through additional evolutionary steps. Such fine tuning may, for instance, occur through changes in gene expression levels (dosage) at the imprinted genes in question or at other loci that evolve changes in response to the appearance of imprinting at other loci (that is, compensatory changes that evolve to accommodate the changes in gene expression levels in the system). Fine tuning may also occur when trans-acting factors involve some matching mechanisms, such as when the trans-factor binds to a particular target sequence. The target sequences and trans-acting factors can co-evolve and diverge across lineages, leading to a scenario in which the trans-factors are unable to bind the target sequence from the other lineage. Empirical data from hybrids remain limited and to begin to fully dissect these complex multi-step scenarios, we need comparative data across variably incompatible lineages in a phylogeny that can be crossed and compared genomically to identify the order of changes and their contributions to the patterns of hybrid phenotypes.
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